Abstract-The dairy industry is in need of a cost-effective, highly reliable, very accurate, and fast measurement system to monitor the quality of dairy products. This paper describes the design and fabrication works undertaken to develop such a system. The techniques used center around planar electromagnetic sensors operating with radio frequency excitation. Computer-aided computation, being fast, facilitates on-line monitoring of the quality. The sensor technology proposed has the ability to perform volumetric penetrative measurements to measure properties throughout the bulk of the product.
I. INTRODUCTION

D
AIRY production is an important sector of the national economy of many countries in the world. For example, the national economy of New Zealand is significantly dependent on the export of dairy products; it is approximately 25% of the total foreign export earnings of the country. Currently, dairy industries in New Zealand employ the following procedure for analyzing and monitoring the quality of the milk-it measures the fat-to-protein ratio of milk using midinfrared spectroscopy prior to processing [1] - [6] . This provides a very accurate and rapid (1 reading/min) measurement with a standard deviation of 0.02% w/w from reference methods. In turn, it allows precise milk standardization, which is vital to efficient milk processing.
The infrared spectrometers used by large dairy companies in the world are very expensive. This makes it hard for small companies and individual farmers to use this technique to analyze the total solid content in milk. At the same time, such an analysis is very important because the dairy producers are paid based on the quality of their milk products. Hence, there is a need to develop a low-cost high-efficiency sensing system aimed at applications in the dairy industry. The use of an electromagnetic sensor has the potential to offer a good solution leading to a robust instrument with high accuracy at a low capital cost. At the same time, the testing system will be smart and light so that it can be carried easily to the testing site. The current system, which is based on infrared spectrometry, is heavy and is not flexible at all to do the test; the milk sample has to be sent through the test rig.
Electromagnetic sensors are widely used in various fields of modern technology and engineering. One of the examples of such areas is the detection of defects in the printed circuit board and the estimation of near-surface material properties of conducting and magnetic materials [7] - [12] . This sensing technique has the potential to be successfully employed in the quality inspection of dairy products such as milk, butter, cheese, curd, and yogurt. The objective of this paper is to design and develop a high-performance, low-cost, and real-time smart sensing system for quality monitoring of dairy products.
The technique discussed here is based on the use of a planar electromagnetic sensor operating with radio frequency (RF) excitation. It is supported by fast computer-aided computations, which allow real-time monitoring of the product quality. The sensing system is cost effective and highly reliable both in terms of measurement accuracy and speed of measurement. Furthermore, the sensor has the ability to perform volumetric penetrative measurements to evaluate properties throughout the product.
The operating principle of the electromagnetic sensing technique is introduced in Section II. The results of our initial investigation using the planar sensors on different dairy products are detailed in Section III. In Section IV, we present our low-cost sensing system and compare the performance of various types of planar sensors, namely the mesh, meander, and interdigital types. The details of the techniques used for the analysis of test data are summarized in Section V. 
II. OPERATING PRINCIPLE OF THE ELECTROMAGNETIC SENSING TECHNIQUE
The planar electromagnetic sensors, which have been used for the inspection of material properties, are of two different configurations, namely 1) meander and 2) mesh. Fig. 1 shows the fabricated sensors of the meander and mesh types used for that purpose. One of the earlier applications was the inspection of inner layer cracks or defects of the printed circuit board of the Pentium processor [7] . The inspection and evaluation of the system properties is carried out without destroying them. The use of the planar sensors has been extended to inspection of metal and electroplated materials [8] - [12] .
Nondestructive evaluation techniques are able to detect the presence of cracks, discontinuities, mechanical fatigue, and many other problems without material damage. This has resulted in increased application of these techniques in recent times. It has been demonstrated that the mechanical stress has the ability to change the electrical properties (for example, electrical conductivity) [13] . This can be used as an index of mechanical fatigue.
The planar electromagnetic sensing technique employing RF signal is based on the interaction between the measurement signal and the product under investigation. The sensor consists of two coils. The first coil (which is known as exciting coil and carries RF signal) generates an electromagnetic field. The generated electromagnetic field interacts with the nearby materials being measured. The resultant electromagnetic field is measured by the second coil of the sensor, which is known as the pickup coil. It is placed above the exciting coil, which makes both the exciting and sensing coils at the same side of the sample under test. The ratio of the voltage of the pickup coil to the current of the exciting coil is defined as the transfer impedance. The voltage applied across the exciting coil is v 1 .
The current due to the applied voltage, i.e., the exciting current is i 1 .
The voltage across the sensing coil is v 2 .
The transfer impedance is defined as
The transfer impedance is measured in a complex form. It is a function of many parameters such as permittivity, conductivity, and permeability of the material being measured, liftoff, operating frequency, and thickness. The details of the analytical calculation of finding transfer impedance have been described in [11] . It is possible to calculate the transfer impedance with a given frequency, coil structure, and material properties, i.e., the conductivity, permeability, and permittivity of the nearby materials. However, the problem under consideration is an inverse problem in which material properties are of interest from the given transfer impedance. There is no direct method available to determine the material properties separately. However, it is possible to evaluate the material properties with the help of some computational methods. As a result, it is possible to monitor the quality of the material under investigation (in our case, dairy products like milk and cheese) by means of measurement of its properties, in particular, the value of permittivity.
III. EXPERIMENTAL SETUP AND PRELIMINARY INVESTIGATION
The block diagram representation of the experimental setup is shown in Fig. 2 . For the meander-and mesh-type sensors, high frequency of excitation is usually used for the inspection of dielectric materials because it enables higher variation of the impedance values. The actual experimental setup is shown in Fig. 3 . In the current experimental setup, a network analyzer (Agilent 8712ET with the frequency range of up to 1.3 GHz) was used to carry out the experiments. In the final product, the analyzer was replaced by a low-cost system.
A very comprehensive set of experiments have been carried out. Some of the most interesting results of these experiments are presented in this section. Fig. 4 shows the variation of impedance with frequency for different products such as water, fruit juice, milk, oil, and yogurt. The variation of impedance with frequency is not smooth due to a few experimental data as the values are measured at every 100 kHz. Moreover, there is no curve fitting used while the data are plotted. It can be seen from the results that the impedance is different for different products. This is due to the fact that different products have different effective permittivities. At high frequency of operation, the sensors are responsive to dielectric permittivity. These experiments have been carried out by employing planar meshtype microelectromagnetic sensor, which shows much better response compared with the meander types.
To examine the usefulness of the proposed sensor in the dairy industry, milk samples with known percentage of fat content were prepared in the laboratory, and the effect of the fat content on the impedance was examined. Fig. 5 shows the variation of impedance with frequency for different percentages of fat content. Fig. 6 presents the variation of impedance with frequency for milk with different liftoffs.
Both the magnitude and phase of the transfer impedance have to be used to find the equivalent permittivity of the product under test. It can be seen from the experimental results that different amounts of fat causes considerably different readings.
The operating frequency of the sensor is one of the most important parameters that help achieve the best possible resolution. Thus, the right selection of the operating frequency is very important. Fig. 7 shows the variation of impedance with different percentages of fat content for an operating frequency of 750 MHz, which provided very good resolution, at a liftoff of 5 mm. It can be seen that the fat content has an appreciable effect on the transfer impedance of the sensor.
IV. LOW-COST SENSING SYSTEM
Due to the use of costly network analyzer, the current setup is quite expensive and not affordable by small-scale industries and farmers. Several possibilities have been explored for the development of a low-cost smart sensing system. The following areas are identified: 1) sensors; 2) excitation system; 3) data acquisition system. Because the currently used planar mesh-type sensor exhibits good response to milk product at a relatively high frequency, the necessary excitation and data acquisition systems are expensive. To obtain moderate response at a low frequency of operation, another type of planar sensor has been investigated.
A. Sensors
The sensors are basically the heart of any inspection system. The sensors giving very good response at a relatively low frequency are very important for the development of a low-cost sensing system. To explore the possibility of using sensors at low frequencies, a planar sensor of interdigital configuration, as shown in Fig. 8 , has been considered. The characterization and comparative performance evaluation of all three planar electromagnetic sensors, namely 1) meander; 2) mesh; and 3) interdigital, have been performed. All of them are suitable for a nondestructive inspection and evaluation of product properties.
Different sizes of sensors of each meander, mesh, and interdigital types have been experimented with using the experimen- tal setup shown in Fig. 9 . The sensor has been connected to a high-frequency supply while the voltage across and the current through the sensor are being recorded. For the characterization of the sensors and to study their comparative performance, the frequency of excitation has been varied between 100 kHz and 100 MHz. The impedance characteristics of the sensors are shown in Figs. 10-12 , respectively. It is seen that the transfer impedance for both the meander and mesh types increases with the increase in frequency, whereas the impedance of the interdigital-type sensor decreases with frequency. For the same effective area, the response of the mesh-type sensors is better than the meander type. Basically, meander-and mesh-type sensors are inductive type, whereas the interdigital-type sensor is capacitive type. It is also seen that both meander-and meshtype sensors respond well at high frequencies. The response of the interdigital sensor is very good at low frequencies and does not respond well at high frequencies. Thus, the operating frequency has to be very carefully selected.
B. Excitation System
A smart power supply and associated instrumentation to provide the controlled excitation to the exciting coil of the sensor is very important for target development. A controlled variable frequency power supply has been designed and developed for the supply of excitation voltage. The frequency can be controlled from tens of kilohertz to 1 GHz. The important components of the system are briefly discussed here. Fig. 13(a) shows the sensor connected to the power supply. Fig. 13(b) shows the different components of the power supply unit. The total frequency range has been obtained by switching between different voltage-controlled oscillators (VCOs) corresponding to different frequency ranges. Fig. 13(c) shows the VCO unit of the power supply.
The graph in Fig. 14 depicts the tuning voltage versus the VCO operating frequency. The graph corresponds to one of the VCOs used to generate the exciting signal feeding the power amplifier. The straight dash line shows an ideal characteristic. It can be seen that the actual characteristic (solid line) is not too far from the ideal one.
The output of the power amplifier is connected to all the sensors, and the effect of different materials in close proximity of the sensors is observed. Table I shows the experimental results for all the sensors at an operating frequency of 84 MHz. Only the amplitude change of the sensor output signal is shown in the table. However, in practice, the phase information will also be used.
It can be observed in Table I that the meander-and meshtype sensors respond very well to conducting and magnetic materials (i.e., copper, aluminum, and iron). However, their reaction to dielectric materials is not as good. On the other hand, the interdigital sensor acts in an opposite manner and responds well to dielectric materials. Thus, the interdigital-type sensor has been chosen for the monitoring of dairy products. Fig. 15 shows a comparative response of all the three types of sensors at an operating frequency of 100 kHz. The interdigital-type sensor is very responsive to the change of fat content of milk.
C. Data Acquisition System
For the collection of voltage and current signals, an efficient data acquisition system is very important. The analog data is captured using an analog-to-digital converter (ADC). A Silicon Lab microcontroller C8051F020 has been considered at the first instant. The SiLab C8051F020 has two ADCs operating at 100 and 500 kHz, respectively. Hence, an operating frequency of up to 50 kHz can be very well used using this system. The block diagram representation of the system is shown in Fig. 16 . The system has already been developed and used; it provides good results for a single-frequency measurement as shown in Fig. 17 .
V. ANALYSIS OF THE EXPERIMENTAL RESULTS
The experimentally obtained data were analyzed with the use of a special computational technique to determine the composition of dairy products. The technique is based on either a single-frequency or a multiple-frequency excitation. The technique related to the single-frequency excitation system is the polynomial curve fitting. Only the magnitude of the impedance was used, and the fat content was measured, providing results with an error less than 1%.
To determine the composition of a milk product using a multifrequency excitation method, the following technique was proposed. Let us assume that a product has n components with X n percentage each so that X n = 1. The experimental results are collected for n times at n different frequencies. From each measurement, the resultant relative permittivity is calculated. The resultant permittivity can be expressed as
where ε r1,1 , ε r2,1 , . . . , ε rn,1 are the relative permittivity values of each component at the chosen frequency and are known.
As a result, after n readings, the following matrix equation is obtained: 1 ε r2,1 ε r3 
. . .
Using the matrix representation, the following expression can be written:
where B is the matrix obtained from the experimentally measured resultant permittivity values, and A is the matrix known from the dielectric permittivity versus the frequency characteristic of each component. Usually, the dielectric permittivity is a function of temperature and operating frequency. A typical frequency-and temperature-dependent dielectric permittivity characteristics of a fruit sample is shown in Fig. 18 [14] , [15] . To determine the X matrix of (4), the permittivity values, i.e., the elements of A matrix, can be stored in the computer. From the experimental measurement, B is obtained. X can be calculated by solving (4).
VI. CONCLUSION
The electromagnetic sensor-based approach proposed in this paper can be a very promising alternative to the existing measurement techniques used in the dairy industry to monitor product quality. This sensing technique is nondestructive in nature. It is also safe and cost effective. In addition, the approach does not involve any fragile sensing elements (such as glass probes), and it is quite stable (requires only infrequent periodic calibration).
The effect of dielectric materials such as milk, butter, cheese, curd, and yogurt on the transfer impedance of planar electromagnetic sensors has been experimentally observed and is reported in this paper. It is shown that the properties of dielectric materials have a great influence on the value of the transfer impedance. The experimental results also showed that the sensor had a very good potential to be used to determine the composition of dairy products. The transfer impedance can be used to determine the quality of the product by using the developed computation technique.
The reported investigation has opened up a very good possibility of incorporating the technique into the dairy industry. By monitoring the quality of the product, the proposed sensor system would be able to contribute to the improvements of the production process and waste reduction as well.
